Two types of alternating spin-$\frac12$ chains and their field-induced
  transitions in $\varepsilon$-LiVOPO$_4$ by Mukharjee, Prashanta K. et al.
Two types of alternating spin-1
2
chains
and their field-induced transitions in ε-LiVOPO4
Prashanta K. Mukharjee,1 K. M. Ranjith,2 M. Baenitz,2 Y. Skourski,3 A. A. Tsirlin,4, ∗ and R. Nath1, †
1School of Physics, Indian Institute of Science Education and Research, Thiruvananthapuram-695551, India
2Max Planck Institute for Chemical Physics of Solids, No¨thnitzer Str. 40, 01187 Dresden, Germany
3Dresden High Magnetic Field Laboratory (HLD-EMFL),
Helmholtz-Zentrum Dresden-Rossendorf, 01314 Dresden, Germany
4Experimental Physics VI, Center for Electronic Correlations and Magnetism,
Institute of Physics, University of Augsburg, 86135 Augsburg, Germany
(Dated: March 2, 2020)
Thermodynamic properties, 31P nuclear magnetic resonance (NMR) measurements, and density-
functional band-structure calculations for ε-LiVOPO4 are reported. This quantum magnet features
a singlet ground state and comprises two types of alternating spin- 1
2
chains that manifest themselves
by the double maxima in the susceptibility and magnetic specific heat, and by the two-step mag-
netization process with an intermediate 1
2
-plateau. From thermodynamic data and band-structure
calculations, we estimate the leading couplings of J1 ' 20 K and J2 ' 60 K and the alternation ratios
of α1 = J
′
1/J1 ' 0.6 and α2 = J ′2/J2 ' 0.3 within the two chains, respectively. The zero-field spin
gap ∆0/kB ' 7.3 K probed by thermodynamic measurements and NMR is caused by the J1−J ′1 spin
chains and can be closed in the applied field of Hc1 ' 5.6 T, giving rise to a field-induced long-range
order. The corresponding H − T phase boundary follows the universal power law with the critical
exponent φ = 1.5, which is consistent with Bose-Einstein condensation of triplons as the origin of
the field-induced transition.
I. INTRODUCTION
Field-induced quantum phase transitions (QPT) in
magnets set a link between fermionic spin systems and
lattice boson gas and have been recognized as Bose-
Einstein condensation (BEC) of triplons [1–3]. In this
context, spin-dimer compounds possessing a gap in the
excitation spectrum are extensively studied [2, 3]. The
triplet excitations (triplons) can be considered equivalent
to lattice bosons, with their denisty controlled by the ap-
plied magnetic field, which acts as chemical potential.
The chemical potential is negligible in the singlet state
having no magnetic order, but as the field approaches
the critical value Hc1, the gap is closed and the chemical
potential rises resulting in the condensation of triplons
(bosons) in a long-range ordered (LRO) state. This phe-
nomenon can either be described as triplon BEC or as a
gapless non-Fermi-liquid-type Tomonaga-Luttinger Liq-
uid (TLL) state, depending upon the dimensionality of
the spin lattice [4]. The BEC state is typically observed
in two-dimenional (2D) and three-dimensional (3D) cou-
pled spin dimers and at very low temperatures where the
interchain/interdimer interactions are significant [2, 5, 6].
On the other hand, the TLL phase is expected to be re-
alized at low temperatures but in the one-dimensional
(1D) regime [7–10].
In the 2D and 3D regimes, the ground state fur-
ther depends on the delicate balance between the ki-
netic energy and repulsive interaction of the triplons
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or Sz = +1 bosons [11]. The dominance of repul-
sive interaction would lead to the formation of super-
lattices, which result in magnetization plateus [12, 13].
This has been experimentally verified in the celebrated
Shastry-Sutherland compound SrCu2(BO3)2 [14, 15]. On
the other hand, when the kinetic energy dominates
over repulsive interactions, the triplons become delocal-
ized, and the ground state is a superposition of singlet-
triplet states, which can be approximated as a BEC
of triplons. The phenomenon of BEC has been stud-
ied in detail for spin-dimer compounds TlCuCl3[16],
BaCuSi2O6[17], (Ba,Sr)3Cr2O8 [18, 19], etc. The
crossover from TLL as a 1D quantum critical state to the
3D BEC state has often been observed in quasi-1D spin
systems e.g. spin-1/2 ladders (C7H10N)2CuBr4 [20–22]
and (C5H12N)2CuBr4 [7, 10, 23] and spin-1/2 alternating
spin chains Cu(NO3)2·2.5D2O and F5PNN [8, 9]. Thus,
quasi-1D spin-gap materials provide ample opportunities
to tune the spin gap and study the field-induced quantum
phase transitions.
The V4+-based compounds offer an excellent play-
ground to study gapped quantum magnets and related
phenomena. Several of these compounds were already re-
ported in the past in the context of spin-gap physics [24–
27]. Recently, we studied magnetic properties of the
AVOXO4 series (A = Na, Ag; X = P, As), where all
compounds were found to host alternating spin- 12 chains
not matching the structural chains of the VO6 octahe-
dra [28–31]. In these systems, long-range superexchange
couplings via two oxygen atoms play a central role. They
are highly tunable and allow the variation of the zero-field
spin gap ∆0/kB from 21 K in NaVOAsO4 to ∼ 2 K in
NaVOPO4. External magnetic field closes the gap and
leads to a field-induced magnetic transition, which is ex-
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2TABLE I. Atomic distances and bond angles along the su-
perexchange paths involving P(1) and P(2) in the two alter-
nating spin chains of ε-LiVOPO4 at 300 K to highlight the
coupling of P atoms with V atoms.
Site Bond Length (A˚) Angle (deg.)
P(1)
V(1)-O(1) = 1.96
O(1)-P(1) = 1.53
P(1)-O(2) = 1.54
O(2)-V(1) = 1.97
V(2)-O(7) = 1.98
O(7)-P(1) = 1.53
P(1)-O(8) = 1.53
O(8)-V(2) = 2.01
6 V(1)-O(1)-O(2) = 152.16
6 V(1)-O(2)-O(1) = 109.37
6 V(2)-O(8)-O(7) = 140.38
6 V(2)-O(7)-V(8) = 124.64
Average value ' 131.63
P(2)
V(1)-O(3) = 1.96
O(3)-P(2) = 1.53
P(2)-O(4) = 1.55
O(4)-V(1) = 2.02
V(2)-O(9) = 1.98
O(9)-P(2) = 1.53
P(2)-O(10) = 1.52
O(10)-V(2) = 1.94
6 V(1)-O(4)-O(3) = 118.59
6 V(1)-O(3)-O(4) = 149.06
6 V(2)-O(9)-O(10) = 134.87
6 V(2)-O(10)-O(9) = 132.66
Average value ' 133.79
plained in terms of the triplon BEC [28, 32].
Herein, we report ground-state properties of the chem-
ically similar, but structurally different LiVOPO4. Un-
like the AVOXO4 compounds, which are all mono-
clinic (P21/c), LiVOPO4 crystallizes in several poly-
morphs with different symmetries and atomic arrange-
ments [33, 34]. We shall focus on the triclinic ε-LiVOPO4
(P 1¯) that can be seen as a distorted version of monoclinic
AVOXO4 [35]. Each of the Li, V, and P in α-LiVOPO4
reside at two nonequivalent sites, whereas the O atoms
have ten nonequivalent sites. The magnetic V4+ ions
form chains of the VO6 octahedra with the alternation of
V1 and V2, leading to two alternating V–V distances of
3.599 and 3.629 A˚ along these structural chains (Fig. 1).
Assuming that strongest magnetic interactions run
along the structural chains, one expects the magnetic be-
havior of alternating spin- 12 chains that was indeed pro-
posed by Onoda and Ikeda [36] who reported magnetic
susceptibility of ε-LiVOPO4. On the other hand, our
recent results for the monoclinic AVOXO4 compounds
suggest that spin chains may not coincide with the struc-
tural chains, because leading interactions occur through
the double bridges of the XO4 tetrahedra. In this case, ε-
LiVOPO4 should feature two types of alternating spin-
1
2
chains, one formed by V(1) and the other one formed by
V(2), each with different interactions and different spin
gaps (Fig. 1). Below, we report experimental fingerprints
of these two nonequivalent spin chains and thus directly
confirm the proposed microscopic scenario. Moreover, we
detect a field-induced phase transition, which is reminis-
cent of triplon BEC.
II. METHODS
Polycrystalline sample of ε-LiVOPO4 was prepared
by the conventional solid-state reaction method from
stoichiometric mixtures of LiPO3 and VO2 (Aldrich,
99.995%). LiPO3 was obtained by heating LiH2PO4.H2O
(Aldrich, 99.995%) for 4 hrs at 400 ◦C in air. The re-
actants were ground thoroughly, pelletized, and fired at
740 ◦C for two days in flowing argon atmosphere with two
intermediate grindings. Phase purity of the sample was
confirmed by powder x-ray diffraction (XRD) recorded at
room temperature using a PANalytical powder diffrac-
tometer (CuKα radiation, λavg ' 1.5418 A˚). Rietveld
refinement of the acquired data was performed using
FULLPROF software package [37] taking the initial cell pa-
rameters from Ref. [38]. The low-temperature XRD data
down to 15 K were recorded using a low-temperature at-
tachment (Oxford Phenix) to the x-ray diffractometer.
Magnetization (M) was measured as a function of tem-
perature (2 K ≤ T ≤ 380 K) using the vibrating sample
magnetometer (VSM) attachment to the Physical Prop-
erty Measurement System [PPMS, Quantum Design]. A
3He attachment to the SQUID [MPMS-7T, Quantum De-
sign] magnetometer was used for magnetization measure-
ments in the low-temperature range (0.5 K ≤ T ≤ 2 K).
Specific heat (Cp) as a function of temperature was mea-
sured down to 0.35 K using the thermal relaxation tech-
nique in PPMS under magnetic fields up to 14 T. For
T ≤ 2 K, measurements were performed using an addi-
tional 3He attachment to PPMS. High-field magnetiza-
tion was measured in pulsed magnetic field up to 60 T at
the Dresden High Magnetic Field Laboratory [39, 40].
The NMR experiments on the 31P nucleus (nu-
clear spin I = 1/2 and gyromagnetic ratio γ/2pi =
17.235 MHz/T) were carried out using pulsed NMR tech-
nique in the temperature range 1.6 K ≤ T ≤ 230 K. The
31P NMR spectra as a function of temperature were ob-
tained either by sweeping the field at a fixed frequency
or by taking the Fourier transform (FT) of the echo sig-
nal, keeping the magnetic field fixed. The NMR shift
K(T ) = [Href−H(T )]/H(T ) was determined by measur-
ing the resonant field H(T ) of the sample with respect to
the standard H3PO4 sample (resonance frequency Href).
The 31P nuclear spin-lattice relaxation rate (1/T1) was
measured using the inversion recovery technique at dif-
ferent temperatures.
Density-functional (DFT) band-structure calculations
were performed in the FPLO code [41] using experimental
crystal structure from Ref. [42] and the Perdew-Burke-
Ernzerhof (PBE) flavor of the exchange-correlation po-
tential [43]. Exchange couplings were obtained within
superexchange theory or by a mapping procedure [44]
using total energies of collinear spin configurations cal-
culated within DFT+U , where the on-site Coulomb re-
pulsion Ud = 5 eV and Hund’s coupling Jd = 1 eV [45, 46]
were used to account for strong correlations in the V 3d
shell. The calculations were performed on a 4× 4× 4 k-
mesh for several two-fold supercells, which were needed
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FIG. 1. (a) Crystal structure of ε-LiVOPO4 projected onto the ac-plane. The deep blue and light blue solid circles represent the
V(1) and V(2) sites, respectively. Chain-1 is formed by V(1) and chain-2 is formed by V(2) atoms via the extended V-O. . .O-V
path. These chains are nearly orthogonal to each other, whereas the structural chains are parallel comprising both V1 and V2
atoms at the same time. These chains run perpendicular to the ac-plane. (b) A segment of the chain-1 formed by the V(1)O6
octahedra with the intrachain couplings J1 and J
′
1. (c) A section of the structural chain with the V(1)-O-V(2) paths along the
b-axis. (d) An empirical/qualitative sketch of the spin model with all possible exchange interactions.
to disentangle all relevant exchange couplings.
III. RESULTS
A. X-ray Diffraction
In order to confirm the phase purity and to study the
temperature variation of the crystal structure, the pow-
der XRD patterns are analyzed for 15 K ≤ T ≤ 300 K.
The XRD patterns at two end temperatures, T = 300 K
and 15 K, along with the refinement are shown in Fig. 2.
At room temperature, all the peaks could be indexed
based on the triclinic (space group: P 1¯) structure, im-
plying phase purity of the sample. The refined lattice pa-
rameters [a = 6.729(1) A˚, b = 7.194(1) A˚, c = 7.920(2) A˚,
α = 89.82(2)◦, β = 91.2288(2)◦, and γ = 116.8799(2)◦]
at room temperature are in good agreement with the pre-
vious report [38]. Identical XRD pattern with no ex-
tra peaks are observed in the whole measured tempera-
ture range, which excludes any structural phase transi-
tion or lattice deformation in ε-LiVOPO4, unlike other
spin-gap compounds NaTiSi2O6 [47, 48], CuGeO3 [49],
NaV2O5[50], and K- TCNQ [51].
The variation of both lattice parameters and unit cell
volume (Vcell) as a function of temperature are shown in
Fig. 3. The cell parameters b and c decrease systemat-
ically, while the rest of the parameters (a, α, β, and γ)
rise with decreasing temperature. However, the overall
unit cell volume shrinks upon cooling. The temperature
variation of Vcell was fitted by the equation [52]
Vcell(T ) = γU(T )/K0 + V0, (1)
where V0 is the unit cell volume at T = 0 K, K0 is the
bulk modulus, and γ is the Gru¨neisen parameter. The
internal energy U(T ) can be expressed in terms of the
Debye approximation as
U(T ) = 9pkBT
(
T
θD
)3 ∫ θD/T
0
x3
ex − 1dx. (2)
In the above, p stands for the total number of atoms in
the unit cell and kB is the Boltzmann constant. The
best fit of the data down to 15 K (lower panel of Fig. 3)
was obtained with the Debye temperature θD ' 530 K,
γ
K0
' 5.78× 10−5 Pa−1, and V0 ' 340.5 A˚3.
B. Magnetization
The temperature-dependent bulk magnetic suscepti-
bility χ (≡ M/H) of ε-LiVOPO4 measured in an ap-
plied field of H = 0.5 T is shown in the upper panel
of Fig. 4. It exhibits a very broad maximum with two
shoulders at around Tmax1χ ' 11 K and Tmax2χ ' 27 K.
Such a broad maximum mimics the short-range order-
ing of a low-dimensional quantum magnet. However, al-
ready the fact that two shoulders are observed in the
420 30 40 50 60 70
 
 Iobs
 Ical
  Bragg positions
 Iobs- Ical
 
 
 
 
2  (degrees)
In
te
ns
ity
 (a
rb
. u
ni
ts
)
 
 
FIG. 2. X-ray powder diffraction pattern of ε-LiVOPO4 at
two different temperatures (T = 300 K and 15 K). The solid
lines denote the Rietveld refinement fit of the data. The
Bragg-peak positions are indicated by green vertical bars and
bottom blue line indicates the difference between the experi-
mental and calculated intensities.
susceptibility indicates the presence of two nonequiva-
lent spin chains in ε-LiVOPO4. Since peak position
is related to the intrachain exchange coupling [53], we
can estimate relative strengths of the interactions in the
two chains, J¯2/J¯1 ' 2.45, where J¯1 = (J1 + J ′1)/2 and
J¯2 = (J2 +J
′
2)/2 are average couplings in the chain-1 and
chain-2, respectively. The susceptibility alone does not
give information on which of the chains features stronger
couplings, but our DFT calculations (Sec. III E) suggest
that stronger interactions occur within chain-2.
Below Tmax1χ , χ decreases rapidly suggesting the open-
ing of a spin gap. However, below 2 K, a large upturn
is observed, which can be attributed to the effect of ex-
trinsic paramagnetic contributions. As shown in the in-
set of the upper panel of Fig. 4, with the application of
magnetic field this low-temperature Curie tail gets sup-
pressed. Moreover, our powder XRD suggests high purity
of the sample. Therefore, this low-temperature upturn in
χ(T ) may be due to the uncorrelated V4+ free spins or
chain-end effects that largely affect χ(T ) at low temper-
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FIG. 3. Upper and middle panels: Lattice parameters
(a, b, c, α, β, and γ) vs temperature. Bottom panel: Unit cell
volume (Vcell) is plotted as a function of temperature. The
solid line represents the fit using Eq. (1).
atures [54].
To extract the magnetic parameters, we first fitted the
1/χ(T ) data (see the lower panel of Fig. 4) above 150 K
by the modified Curie-Weiss (CW) law,
χ(T ) = χ0 +
C
T − θCW , (3)
where χ0 represents the temperature-independent sus-
ceptibility, which includes the Van-Vleck paramagnetic
and core diamagnetic contributions, C is the Curie con-
stant, and θCW is the CW temperature. The resulting
fitting parameters are: χ0 ' 7.76 × 10−5 cm3/mol-V4+,
C ' 0.383 cm3K/mol-V4+, and θCW ' −13.4 K. Neg-
ative value of θCW indicates that the dominant interac-
tions among the V4+ spins are AFM in nature. The
effective moment was calculated by using the experi-
mental value of C in the relation µeff =
√
3kBC/NA,
where NA is the Avogadro’s number. The calculated
value of µeff ' 1.72µB/V4+ is very close to the theo-
retical spin-only value [µeff = g
√
S(S + 1) ' 1.73µB] for
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FIG. 4. Upper panel: χ(T ) measured in H = 0.5 T. The two
shoulders of the broad maximum are indicated by the vertical
arrows. Inset: low-T χ(T ) measured in different applied fields.
Lower Panel :1/χ vs T and the solid line is the CW fit using
Eq. (3).
S = 1/2, assuming the Lande´ g-factor g = 2. The exper-
imental value of µeff corresponds to a slightly reduced g
value of g ' 1.98 which is identical to the case of other
V4+ based compounds[28, 31, 55]. The core diamagnetic
susceptibility (χcore) of LiVOPO4 was estimated to be
−6.8×10−5 cm3/mol by adding the χcore of the individual
ions Li1+, V4+, P5+, and O2− [56] The Van-Vleck para-
magnetic susceptibility (χVV) of ∼ 14.6× 10−5 cm3/mol
is obtained by subtracting χcore from χ0.
Two alternating spin chains with different exchange
parameters should also manifest themselves in the mag-
netization process. Indeed, experimental magnetization
curve measured at the base temperature of T = 1.5 K
(Fig. 5) shows a kink due to the gap closing at Hc1 '
5.6 T that corresponds to the spin gap of ∆M0 /kB =
gµBHc1/kB ' 7.3 K. At Hc2 ' 25 T, half of the spins are
saturated, with the 12 -plateau observed up to Hc3 ' 35 T.
At even higher fields, the remaining spins are gradually
polarized with nearly 80 % of the saturation magnetiza-
tion reached at 58 T, the highest field of our experiment.
The two-step increase of the magnetization with the
spin gap and intermediate 12 -plateau is common for
dimers built by two spin-1 ions [57]. However, ε-
LiVOPO4 contains spins-
1
2 , so this behavior should have
a different origin. We infer that at Hc1 the spin gap
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FIG. 5. Magnetization vs H measured at T = 1.5 K using
pulsed magnetic field. Inset: dM/dH vs H to highlight the
critical fields Hc1, Hc2, and Hc3.
corresponding to chain-1 is closed. This chain is fully
polarized at Hc2, whereas at Hc3 the gap correspond-
ing to chain-2 is closed, and the magnetization increases
further. Such a scenario is confirmed by a quantitative
analysis in Sec. III E.
C. Specific Heat
The specific-heat (Cp) data measured under zero field
are shown in the upper panel of Fig. 6. No sharp
anomaly/peak was noticed down to T = 0.35 K, thus
ruling out the possibility of any magnetic or structural
transition. A broad hump observed around TmaxC ' 6 K
moves weakly toward low temperatures with increasing
magnetic field, reflecting the closing of the spin gap. The
gap was estimated by fitting the data below 4 K with the
activated behavior, Cmag ∝ exp(−∆C0 /kBT ). The fit, as
shown in the inset of the upper panel of Fig. 6, returns
the zero-field spin gap of ∆C0 /kB ' 7.3 K that matches
nicely the value obtained from the high-field magnetiza-
tion data.
Typically, in magnetic insulators, the high-
temperature part of Cp is dominated by the phonon
contribution, whereas the magnetic contribution be-
comes prominent at low temperatures. To estimate the
phonon contribution (Cph), the experimental data at
high temperatures (40 K ≤ T ≤ 100 K) were fitted by a
linear combination of three Debye functions [58],
Cph(T ) = 9R
3∑
n=1
cn
(
T
θDn
)3 ∫ θDn
T
0
x4ex
(ex − 1)2 dx. (4)
In the above, R is the universal gas constant, the coeffi-
cients cn stand for the groups of different atoms present
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FIG. 6. Upper panel: specific heat Cp vs T of ε-LiVOPO4 in
zero applied field. The dashed line stands for the phonon con-
tribution to the specific heat (Cph) using Debye fit [Eq. (4)].
The solid line is the magnetic contribution to the specific heat
(Cmag). Inset: Cmag vs T in the low-temperature region. The
solid line is an exponential fit as described in the text. Lower
panel: Cmag/T and Smag vs T in the left and right y-axes,
respectively. Inset: Cp/T vs T in different magnetic fields in
the low-temperature regime.
in the crystal, and θDn are the corresponding Debye
temperatures. The Cph was extrapolated down to low
temperatures and subtracted from the total specific heat
to obtain the magnetic contribution to the specific heat
(Cmag). The obtained Cmag(T ) is presented in the upper
panel of Fig. 6. The accuracy of the above fitting pro-
cedure was further verified by calculating the magnetic
entropy Smag obtained by integrating Cmag/T (see the
lower panel of Fig. 6). The value of Smag is calculated
to be ∼ 5.9 J/mol-K at T ' 100 K, which is close to
Smag = R ln 2 = 5.76 J/mol-K expected for spin-
1
2 .
As shown in the upper panel of Fig. 6, Cmag develops
two broad maxima at Tmax1C ' 7 K and Tmax2C ' 27 K,
similar to the two shoulders in the χ(T ) data. The clear
separation of these maxima indicates the different inter-
action strength in chain-1 and chain-2.
With the spin gap closed around Hc1 ' 5.6 T, the
system may enter an LRO state. This state is indeed
observed in the specific-heat data measured above Hc1.
As shown in Fig. 7, no anomaly in Cp is found down to
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FIG. 7. Cp/T vs T measured in different applied magnetic
fields up to 14 T.
T = 0.35 K and up to H = 5 T. However, for H > 7 T
a clear λ-type anomaly appears indicating the onset of a
field-induced magnetic LRO (TN). This peak shifts to-
ward higher temperature with increasing magnetic field.
D. 31P NMR
As mentioned previously, χ(T ) does not show an ex-
ponential decrease at low temperatures anticipated for a
gapped spin system, and may be influenced by extrinsic
contributions. To access the intrinsic susceptibility of ε-
LiVOPO4, we performed NMR measurements on the
31P
nuclei.
1. NMR Shift
Figure 8 presents the field-sweep 31P NMR spectra
measured over a wide temperature range. At high tem-
peratures, a narrow and symmetric spectral line typical
for a I = 1/2 nucleus is observed. As the temperature
is lowered, the line shape becomes asymmetric, followed
by a complete splitting of the two spectral lines below
about 120 K. This suggests the existence of two nonequiv-
alent P-sites, P(1) and P(2) with a different crystallo-
graphic environment, which is consistent with the struc-
tural data. Both lines shift with temperature and merge
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FIG. 8. Typical 31P field-sweep NMR spectra of ε-LiVOPO4
at different temperatures measured at 24.96 MHz. The
dashed lines guide the shifting of NMR line positions. The
vertical line corresponds to the 31P reference line (Href) mea-
sured for H3PO4. The solid line is the fit of the spectra at
T = 50 K using a double Gaussian function.
below about 4 K. The absence of drastic line broaden-
ing and/or line splitting down to 1.6 K rules out the
occurrence of any structural and magnetic transition in
this temperature range. The line with a lower inten-
sity shifts much stronger than the one with the higher
intensity. The former can be assigned to P(2) and the
latter to P(1), because the P(2)O4 tetrahedra mediate
stronger exchange interactions, J1 in chain-1 and J2 in
chain-2, whereas the P(1)O4 tetrahedra mediate weaker
interactions J ′1 and J
′
2, respectively (see Sec. III E). At
T = 1.6 K, the position of the peak is very close to the
zero shift value suggesting that the ground state of ε-
LiVOPO4 is non-magnetic.
The temperature-dependent NMR shift K(T ) for both
31P sites was extracted by fitting each spectrum to a sum
of two Gaussian functions. The results are shown in the
upper panel of Fig. 9. One advantage of the NMR shift
over the bulk χ(T ) is that the Curie-Weiss term due to
foreign phases and/or defects does not appear. The ran-
domly distributed defects/impurities only broaden the
NMR line but do not contribute to the NMR shift [59].
Therefore, K(T ) is more favorable than bulk χ(T ) data
for a reliable determination of magnetic parameters.
The Knight shifts corresponding to the P(1) and P(2)
sites pass through a very broad maximum, similar to the
χ(T ) data. The overall temperature dependence is simi-
lar for P(1) and P(2), but the absolute values differ due
to the different hyperfine couplings. The presence of sev-
eral distinct P sites in the structure is reminiscent of the
ambient-pressure polymorph of (VO)2P2O7 with its two
non-equivalent alternating spin- 12 chains. In that case,
different phosphorous sites probe the behavior of different
spin chains in the structure [25, 60]. In contrast, each of
the P sites in ε-LiVOPO4 is coupled to both spin chains,
so it is not possible to probe K(T ) separately. Two dis-
tinct shoulders are observed in K(T ) at Tmax1K ' 10 K
and Tmax2K ' 26 K and closely resemble bulk magnetic
susceptibility (Fig. 4).
At low temperatures, both shifts decrease rapidly to-
ward zero suggesting the opening of a spin gap between
the singlet (S = 0) ground state and triplet (S = 1) ex-
cited states. As NMR shift is insensitive to the impurities
and defects, one can use it to accurately measure the in-
trinsic spin susceptibility. In the upper panel of Fig. 9,
we show that for both P-sites K(T ) decreases toward
zero, which is in contrast to the upturn observed in the
low-temperature χ(T ) data. This confirms the extrinsic
nature of the low-temperature upturn observed in χ(T ).
In powder samples, the defects often break spin chains,
with the unpaired spins at the ends of finite chains giving
rise to the staggered magnetization, which also appears
as the low-temperature Curie tail in χ(T ).
The direct relation between K(T ) and spin suscepti-
bility χspin can be written as
K(T ) = K0 +
Ahf
NAµB
χspin, (5)
where K0 is the temperature-independent NMR shift and
Ahf is the total hyperfine coupling constant between the
31P nuclei and V4+ spins. The Ahf consists of the contri-
butions due to transferred hyperfine coupling and nuclear
dipolar coupling constants. Since both of the aforemen-
tioned couplings are temperature-independent, K(T ) is
a direct measure of χspin. Using Eq. (5), Ahf can be cal-
culated from the slope of the linear K vs χ plot with
temperature as an implicit parameter. The lower panel
of Fig. 9 presents the K vs χ plots for both P sites show-
ing linear behavior at high temperatures. From the linear
fit, the hyperfine coupling constants A
P(1)
hf ' 3290 Oe/µB
and A
P(2)
hf ' 7068 Oe/µB are estimated for the P(1)
and P(2) sites, respectively. Thus, the P(2) site is cou-
pled with the V4+ ions twice stronger than the P(1)
site. These values are comparable to the Ahf values re-
ported for other spin chains with similar interaction ge-
ometry [28, 61, 62].
It is also possible to estimate the value of the spin
gap by analyzing the low-temperature K(T ) data. For a
gapped spin chain, χ(T ) can be written as [63, 64]
χ1D ∝
√
∆K1D
kBT
× e−∆K1D/kBT , (6)
assuming quadratic magnon dispersion, (K) ' ∆ +
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FIG. 9. Upper panel: Temperature-dependent 31P NMR
shift K(T ) measured at 24.96 MHz as a function of temper-
ature for both P(1) and P(2) sites. Lower panel: K vs χ
(measured at 1.5 T) with temperature as an implicit param-
eter. The solid lines are the linear fits.
c2k2/2∆, where c is the velocity and k is the AFM wave
vector.
We fitted the K(T ) data below 7 K by the relation
K = K0 + b[∆
K
1D/kBT ]
1/2 exp[−∆K1D/kBT ], where b is an
arbitrary constant. The obtained best fit parameters are:
K0 ' 0.053%, b ' 1.201%, and ∆K1D/kB ' 8.7 K for the
P(1) site and K0 ' 0.043%, b ' 2.795%, and ∆K1D/kB '
8.5 K for the P(2) site. The results of the fit are shown
in the upper panel of Fig. 10, where (K − K0)T 1/2 is
plotted against 1/T . The y-axis is chosen in log scale to
highlight the linear behavior in the gapped regime. Since
each of the P-sites is coupled to both spin chains, same
value of the spin gap should ensue. There is indeed only
a minor difference in the ∆K1D values, which may arise
from the unequal number of data points for the P(1) and
P(2) sites at low temperatures. The average value of the
spin gap is 8.6 K.
Our NMR experiments were carried out in the mag-
netic field of H = 1.4 T. Assuming a linear variation of
∆/kB with H, the zero-field spin gap ∆0/kB ' 7.3 K de-
termined from the specific heat and magnetization is ex-
pected to be reduced to ∆1.4 T/kB ' 5.5 K at H = 1.4 T.
The NMR estimate of 8.6 K is well above this value.
There could be two reasons for such a discrepancy. First,
Eq. (6) is applicable for the data in the low-field limit,
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FIG. 10. Upper panel: (K −K0)T 1/2 vs 1/T . The solid line
is the fit using the activation law (K−K0)T 1/2 ∝ e−∆K1D/kBT
with ∆K1D/kB ' 8.7 K and 8.5 K for the P(1) and P(2) sites,
respectively. Lower panel: (K −K0)T−1/2 vs 1/T . The solid
line is the fit using the activation law (K − K0)T−1/2 ∝
e−∆
K
3D/kBT with ∆K3D/kB ' 5.2 K and 4.8 K for the P(1)
and P(2) sites, respectively.
whereas our K(T ) data are measured in a higher field
of H = 1.4 T. Second, the non-negligible interchain cou-
plings inevitably present in real materials may cause de-
viations from Eq. (6).
For a d-dimensional system, the susceptibility at
kBT  ∆ can be approximated as [65]
χd ∝ T (d/2)−1 × e−∆/kBT . (7)
Assuming that interchain couplings become significant in
this temperature range, the spin-spin correlations should
be three-dimensional, and d = 3 leads to χ3D ∼ mT 1/2×
e−∆
K
3D/kBT , where m is a proportionality constant. In the
lower panel of Fig. 10, we have plotted (K − K0)T−1/2
vs 1/T that shows a linear behavior for 1/T = 0.22 −
0.5 K−1. The fit in this region returns K0 ' 0.046%, m '
0.384%/K1/2, and ∆K3D/kB ' 5.2 K for the P(1) site and
K0 ' 0.031%, m ' 0.824%/K1/2, and ∆K3D/kB ' 4.8 K
for the P(2) site. The average value of ∆K3D/kB ' 5 K
is now very close to the value expected for H = 1.4 T
(∆1.4 T/kB ' 5.5 K), suggesting the dominant role of 3D
correlations at low temperatures. Indeed, we find rather
strong interchain couplings from DFT (Sec. III E).
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FIG. 11. Upper panel: Recovery of the longitudinal mag-
netization as a function of waiting time t at three different
temperatures. Solid lines are the fits using Eq. (8). Lower
panel: Temperature variation of 1/T1 measured in different
magnetic fields. For H = 1.4 T, measurements are done on
both P(1) and P(2) sites while for other fields, only P(1) site
is probed.
2. Spin-lattice relaxation rate 1/T1
The spin-lattice relaxation rate 1/T1 was measured at
the central peak position of the spectra at each temper-
ature using an inversion pulse sequence down to T =
1.6 K. Since 31P has the nuclear spin I = 1/2, the value
of T1 at each temperature was estimated by fitting the re-
covery curve of the longitudinal magnetization to a single
exponential function
1
2
[
M(0)−M(t)
M(0)
]
= Ae−(t/T1). (8)
Here, M(t) is the nuclear magnetization at a time t after
the inversion pulse and M(0) is the equilibrium magne-
tization.
The upper panel of Fig. 11 shows the recovery curves
at three different temperatures probed for the P(1) site
at H = 1.4 T. The temperature-dependent 1/T1 esti-
mated from the above fit is shown in the lower panel of
Fig. 11. Our measurements are done at different field
values ranging from 1.4 T to 10 T. For H = 1.4 T, the
measurements are done at both P(1) and P(2) sites and
over the whole temperature range, while for other fields
only the P(1) site is probed and the measurements are
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FIG. 12. 1/T1 plotted against temperature. The solid lines
are the fits using Eq. (10). The y-axis is in log scale to high-
light the low-T activated behavior.
restricted to low temperatures (T < 30 K). Since there
is a large difference in the magnitude of Ahf for the P(1)
and P(2) sites, they experience different local magnetic
fields induced by the V4+ spins. Therefore, it is expected
that the resulting temperature-dependent 1/T1 will have
different values accordingly. Indeed, for H = 1.4 T, 1/T1
of the P(2) site has larger magnitude than that of the
P(1) site, as Ahf of P(2) is larger than that of P(1). For
both the P-sites, 1/T1 follows a temperature-independent
behavior due to the random fluctuation of the param-
agnetic moments at high temperatures [66]. At lower
temperatures, 1/T1 starts to decrease and below about
10 K it drops rapidly towards zero. The 1.6 K value
is almost two orders of magnitude lower than the room-
temperature one, indicating the opening of a spin gap. In
higher fields, the low-temperature values of 1/T1 increase
and show an upward curvature.
In order to extract the spin gap value, we fitted the
1/T1 data below 5 K by an activated behavior of the
form [63, 64]
1/T1 ∝ ∆T11D
√
T e−3∆
T1
1D/2kBT , (9)
which leads to ∆T11D/kB ' 6.82 K and 8.53 K for the
P(1) and P(2) sites, respectively. The average value of
the spin gap, ∆T11D/kB ' 7.7 K, is somewhat larger than∼ 5.5 K expected for H = 1.4 T and suggests that the
above relation may not be an adequate description of the
activated behavior.
From the analysis of K(T ) we already inferred that 3D
spin-spin correlations caused by the interchain coupling
may be relevant. According to Mukhopadhyay et al. [4],
in the gapped region (H ≤ Hc1) with 3D correlations
10
1/T1 follows an activated behavior of the form,
1/T1 ∝ Tα0 exp
[
gµB(H −Hc1)
kBT
]
. (10)
The exponent α0 in the above equation depends on the
effective dimension of the magnon dispersion relation as
set by the thermal fluctuations kBT . With increasing
temperature, α0 slowly decreases from 2 for kBT < J3D
(3D regime) to 0 for J3D < kBT < J1D (1D regime). To
obtain the spin gap, we fitted the 1/T1 data for T ≤ 5 K
with the fixed value of g = 1.95, H = 1.4 T (experimental
NMR field), and α0 = 2 (for the 3D regime). Figure 12
presents the 1/T1 vs 1/T plot along with the fit using
Eq. (10). The fit yields Hc1 ' 4.78 T and 6.36 T for
the P(1) and P(2) sites, respectively. The average value
of the critical field, Hc1 ' 5.6 T, is in good agreement
with the zero-field spin-gap of ∆T13D/kB ' 7.3 K obtained
from the specific heat and magnetization measurements.
This further confirms the importance of interchain cou-
plings at low temperatures, where activated behavior is
observed.
The spin gap should be closed at Hc1 and thereafter
an AFM LRO sets in. Therefore, we measured 1/T1
at different fields above Hc1. The increase in the low-
temperature values of 1/T1 confirms the closing of the
spin gap and the growth of AFM correlations due to the
field-induced LRO. Since our measurements are limited
down to 1.6 K, we are unable to detect the field-induced
LRO from the 1/T1 data. Nevertheless, the systematic
increase of 1/T1 with field implies that TN shifts toward
higher temperatures with increasing H, in good agree-
ment with our Cp(T ) data, where field-induced LRO is
detected above Hc1.
E. Microscopic magnetic model
Similar to Refs. [28, 29, 31], we use two complementary
computational methods to derive exchange couplings in
ε-LiVOPO4. For a single magnetic orbital of V
4+, su-
perexchange theory yields antiferromagnetic exchange
couplings JAFMi = 4t
2
i /Ueff , where ti are V–V hoppings
extracted from the uncorrelated (PBE) band structure,
and Ueff is an effective Coulomb repulsion in the V 3d
bands. On the other hand, exchange couplings Ji can be
obtained from DFT+U by a mapping procedure, where
both ferro- and antiferromagnetic contributions are taken
into account.
In Table II, we list the ti values for the uncorrelated
band structure and the exchange couplings Ji obtained
from DFT+U . The two methods are in excellent agree-
ment and consistently show the stronger couplings within
chain-2. Moreover, we find that within each spin chain
the stronger couplings involve the P(2) bridges and the
weaker couplings involve the P(1) bridges. On the struc-
tural level, this difference should be traced back to the
lateral displacements di of the VO6 octahedra within the
spin chain (Fig. 1b), where smaller displacement leads to
TABLE II. Exchange couplings in ε-LiVOPO4. The ti val-
ues are the V–V hoppings extracted from the uncorrelated
band structure, and show relative strengths of the AFM con-
tributions to the exchange couplings, JAFMi ∼ t2i . The Ji
are exchange interactions obtained by the mapping procedure
within DFT+U .
dV−V (A˚) ti (meV) Ji (K)
J1 5.250 V1–V1 −72 33
J ′1 5.101 V1–V1 −55 23
J2 5.275 V2–V2 −117 63
J ′2 5.303 V2–V2 −78 22
Jc1 3.599 V1–V2 0 −15
Jc2 3.629 V1–V2 0 −15
Ja1 6.018 V1–V2 −21 12
Ja2 6.070 V1–V2 −32 7
TABLE III. Exchange couplings (in K) extracted from the
χ(T ) and M(H) data using the fits shown in Fig. 13. The sus-
ceptibility fit using Eq. (11) returns χ0 = 2.7×10−5 cm3/mol,
Cimp = 0.013 cm
3K/mol (3.5% of paramagnetic impurities),
θimp = 0.9 K, and g = 2.03. This g-value is slightly higher
than 1.98 obtained from the Curie-Weiss fit, probably be-
cause the interchain couplings were not taken into account.
For magnetization data, g = 1.98 has been used as a fixed
parameter.
J1 J
′
1 J2 J
′
2
χ(T ) 20 12 70 20
M(H) 19 12 63 22
a stronger coupling [28, 67]. Indeed, we find d1 = 0.71 A˚
for J1 vs. d
′
1 = 0.97 A˚ for J
′
1 and d2 = 0.08 A˚ for J2 vs.
d′2 = 0.23 A˚ for J
′
2. The smaller lateral displacements d2
and d′2 could also explain the overall stronger couplings
in chain-2, although in this case other geometrical pa-
rameters [67] are relevant as well, because J1 is about as
strong as J ′2, despite the fact that d1 > d
′
2.
Regarding the interchain couplings, the microscopic
scenario is very similar to that of monoclinic AVOXO4
with A = Ag, Na and X = P, As [28, 29, 31]. Shorter V–
O–V bridges render Jc1 and Jc2 ferromagnetic, whereas
the long-range couplings Ja1 and Ja2 are weakly anti-
ferromagnetic. These ferromagnetic and antiferromag-
netic interactions compete and make the spin lattice of
ε-LiVOPO4 frustrated.
Our DFT results suggest that chain-1 shows only a
moderate degree of alternation (α1 = J
′
1/J1 ' 0.6) that,
together with the lower energy scale of the couplings,
leads to a relatively small spin gap closed at Hc1. In con-
trast, the alternation ratio of α2 = J
′
2/J2 ' 0.3 renders
chain-2 strongly dimerized with a larger spin gap that
is closed at the much higher field Hc3. The model of
two alternating spin- 12 chains was further used to calcu-
late temperature-dependent magnetic susceptibility and
11
FIG. 13. Temperature-dependent susceptibility (top) and
field-dependent magnetization (bottom) of ε-LiVOPO4 fit-
ted using the model of two non-equivalent alternating spin- 1
2
chains, as explained in the text. See Table III for the fitting
parameters.
field-dependent magnetization of ε-LiVOPO4 (Fig. 13).
For the susceptibility, we used the analytical expression
from Ref. [53] augmented by additional terms that ac-
count for the temperature-independent (χ0) and Curie-
like impurity contributions,
χ = χ0 +
Cimp
T + θimp
+ χch1 + χch2, (11)
where χch1 and χch2 are susceptibilities of two nonequiva-
lent alternating spin- 12 chains with the interaction param-
eters J1, J
′
1 and J2, J
′
2, respectively (same g-factor is used
for both chains). Magnetization curve of ε-LiVOPO4 was
modeled by the sum of simulated magnetization curves
for the V(1) and V(2) sublattices obtained by the method
described in Ref. [31].
The fitting results listed in Table III show good agree-
ment between the fits to the susceptibility and magneti-
zation. They are also consistent with the exchange pa-
rameters calculated by DFT (Table II). We chose not
to include interchain couplings into the susceptibility fit,
which became ambiguous when more than four exchange
parameters were involved. The effect of the interchain
couplings can be seen from the fact that for an isolated
chain-1 one finds, using J1 and J
′
1 from the susceptibil-
ity fit, the zero-field spin gap of 11.3 K, which is some-
what larger than 7.3 K obtained experimentally [68]. On
the other hand, the zero-field value of 11.3 K would be
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FIG. 14. H − T phase diagram of LiVOPO4 obtained using
the data points from Cp(T ) measurements. The solid line is
the fit using Eq. (12). Inset: TN vs (H−Hc1)1/1.5 to highlight
the low-temperature linear regime, with the solid line showing
the the linear fit.
in good agreement with the gap of about 10 K obtained
from the NMR at 1.4 T when fitting expressions for the
1D system are used.
IV. DISCUSSION AND SUMMARY
ε-LiVOPO4 features two types of alternating spin-
1
2
chains that manifest themselves in the double maxima
of the susceptibility and magnetic specific heat and in
the two-step magnetization process. This unusual mi-
croscopic scenario is reminiscent of the ambient-pressure
polymorph of (VO)2P2O7 [69], where two spin gaps cor-
responding to two types of spin chains were directly ob-
served by NMR [25] and inelastic neutron scattering [70].
On the other hand, large size of these gaps (35 K and
68 K, respectively) and high critical fields associated with
them preclude experimental access to field-induced tran-
sitions, where triplon excitations of the spin chains con-
secutively condense leading to a long-range magnetic or-
der.
With its lower critical fields, ε-LiVOPO4 offers a much
better platform for studying these transitions experimen-
tally. Indeed, we observed field-induced magnetic order
already above Hc1 ' 5.6 T. Transition temperature sys-
tematically increases with field and tracks the H − T
phase boundary shown in Fig. 14. The field-induced tran-
sition in gapped quantum magnets is often understood
as Bose-Einstein condensation of triplons. In this case,
the phase boundary should follow the universal power
law [3, 71, 72],
TN ∝ (H −Hc1) 1φ , (12)
where φ = d/2 is the critical exponent reflecting the uni-
12
versality class of the quantum phase transition at Hc1,
and d is dimensionality.
In ε-LiVOPO4, three-dimensional spin-spin correla-
tions dominate at low temperatures, owing to the sizable
interchain couplings. Therefore, we set φ = 1.5 and com-
pare our data with the behavior expected from Eq. (12).
Favorable agreement at low temperatures (Fig. 14) sug-
gests that the field-induced transition in ε-LiVOPO4 can
be indeed understood as the Bose-Einstein condensation
of triplons.
The fate of this ordered phase in fields above 14 T may
be of significant interest. The two-step increase in the
magnetization suggests that the transition at Hc1 corre-
sponds to chain-1 and will lead to a BEC dome between
Hc1 andHc2, while chain-2 remains in the singlet state up
to Hc3, where another BEC dome should appear. Phe-
nomenologically, this behavior would be similar to the
two-dome H − T phase diagrams of spin-1 dimer mag-
nets [57], although in ε-LiVOPO4 with local spin-
1
2 it
should have a very different microscopic origin. It is also
possible that chain-1 and chain-2 are not fully indepen-
dent. The BEC transition related to chain-1 may lead to
a partial polarization of chain-2 via significant interchain
couplings. Such an intertwined behavior in gapped quan-
tum magnets with more than one type of spin dimers is
presently discussed as the most plausible origin for the
unusual critical behavior in BaCuSi2O6 [73, 74]. We be-
lieve that ε-LiVOPO4 may be an interesting reference
system that clearly deserves further investigation in high
magnetic fields, especially with regard to its H−T phase
diagram.
In summary, we have shown that ε-LiVOPO4 is a
gapped quantum magnet that features singlet ground
state in zero field. With two non-equivalent alternating
spin- 12 chains, it shows double maxima in the suscepti-
bility and magnetic specific heat and a two-step increase
in the magnetization. Chain-1 features weaker couplings
and a weaker alternation (J1 ' 20 K, α1 ' 0.6), whereas
chain-2 reveals stronger couplings and lies closer to the
dimer limit (J2 ' 60 K, α2 ' 0.3). The zero-field spin
gap of ∆0/kB ' 7.3 K is closed at Hc1 ' 5.6 T. The mag-
netization increases up to Hc2 ' 25 T, flattens out within
the 12 -plateau, and increases again aboveHc3 ' 35 T. The
gap closing above Hc1 leads to a field-induced long-range
order. The associated H − T phase boundary follows
universal power law with the critical exponent φ = 1.5
indicative of triplon Bose-Einstein condensation as the
origin of this field-induced transition.
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